At ultracold temperatures, atoms are free from thermal motion, which makes them ideal objects of investigations aiming to advance high-precision spectroscopy, metrology, quantum computation, producing Bose condensates, etc. The quantum state of ultracold atoms may be created and manipulated by making use of quantum control methods employing low-intensity pulses. We theoretically investigate population dynamics of ultracold Rb vapor induced by nanosecond linearly chirped pulses having kW∕cm 2 beam intensity and show a possibility of controllable population transfer between hyperfine (HpF) levels of 5 2 S 1∕2 state through Raman transitions. Satisfying the one-photon resonance condition with the lowest of the HpF states of 5 2 P 1∕2 or 5 2 P 3∕2 state allows us to enter the adiabatic region of population transfer at very low field intensities, such that corresponding Rabi frequencies are less than or equal to the HpF splitting. This methodology provides a robust way to create a specifically designed superposition state in Rb in the basis of HpF levels and perform state manipulation controllable on the picosecond-to-nanosecond time scale. © 2012 Optical Society of America OCIS codes: 020.1335, 290.5860.
Quantum control at ultracold temperatures has been given much attention owing to the latest developments in the field of ultracold gases and an extreme interest in further advancing the research in this temperature regime. Ultracold alkali atoms are conventionally being used in high-precision spectroscopy [1] [2] [3] , quantum computation [4] , ultracold chemistry [5, 6] , and other newly developing "ultracold" research subfields. Fascinating examples include the latest studies on electric quadrupole transitions from 5s to Rydberg states in Rb, [7] , coherent two-photon excitation to Rydberg states with the hyperfine (HpF) levels used as transitional states, [8] , and a theoretical prediction on creating ultracold, giant molecules with anisotropic, long-range interactions [9] . A pioneering work on selective population of HpF states in alkali atoms has roots back to 1992 [10] , when population inversion following adiabatic rapid passage was reported within HpF states of Na with ultrashort frequency-swept pulses. Later, coherent control of population dynamics of the valence electron in alkali atoms via interaction with two chirped laser pulses was analyzed in [11, 12] . The present theoretical work differs from the aforementioned methods in that it involves a single linearly chirped (LC) and linearly polarized laser pulse. We describe a methodology of using such a pulse on a picosecond to nanosecond time scale to control population dynamics and the quantum yield in ultracold Rb. A nanosecond chirped pulse may be prepared according to [13] . The Rb atom is employed as the model; however, the method may be applied to all systems whose energy levels may be modeled as three-level Λ systems, in particular atoms in the alkali series. An applied LC pulse possesses a low field intensity, such that the respective peak Rabi frequency (Ω R ) is about equal to the HpF splitting of 5s level in Rb vapor. We investigate parameters of the laser pulse, including pulse intensity, pulse duration, and the chirp rate, in order to reveal their ranges for the designed excitations in atoms resulting in creation of predetermined nonequilibrium states. It is known that ultrashort pulses of sufficient intensity are beneficial when used to address selective excitations mostly owing to their high peak power and also because they may be efficiently used for time-resolved experiments. The lack of selectivity due to the wide bandwidth is compensated by implementing the phase or amplitude modulation [14, 15] . At kW∕cm 2 intensities, nanosecond pulses are more efficient for selective adiabatic population transfer, as our calculations show. Present results on LC pulse implementation in weak fields may provide a robust tool for creation of specific states and quantum operations in the alkali atoms.
A semiclassical model describes the interaction of a single LC pulse with the HpF structure of the ultracold Rb. The induced two-photon Raman resonances are investigated aiming at achieving full population transfer to the upper HpF state of 5 2 S 1∕2 electronic state. The energetically higher 5 2 P 1∕2 or 5 2 P 3∕2 states are involved in this process. We aim to involve only the lowest HpF level of each electronic state in the Raman process by carefully choosing one-photon resonance or detuning condition, which is possible at ultracold temperatures. Thus, a three-level Λ system suitably represents the energy levels involved in the dynamics (Fig. 1) .
Our procedure may be implemented experimentally with both isotopes, 87 Rb (nuclear spin I 3∕2) and 85 Rb (I 5∕2). has transition dipole moment μ2.54×10
−29 Cm, and D 2 , 5 2 S 1∕2 → 5 2 P 3∕2 , has μ 3.58 × 10 −29 Cm (Fig. 1 [16,17] ). For 87 Rb, ω 31 6.8347 GHz, and for 85 Rb, ω 31 3.0357 GHz. Both of these splittings are small compared to the transitional frequency of the D line, which for both isotopes is in the optical region; for example, for 85 Rb, D 1 is 377.107 385 THz, and D 2 is 384.230 406 THz. In our model, the atom is considered to be initially in the lowest state j1i of the HpF structure. The goal is to reveal field parameters that may lead to full population transfer to state j3i.
The applied LC pulse has Gaussian envelope and reads Et E 0 e −t−T 2 ∕2τ 2 cos2πω 0 t − T αt − T 2 ∕2. When t T, we chose ω 0 ω 21 in the one-photon resonance case, or ω 21 − ω 0 Δ in the case of one-photon detuning. After transforming to the field-interaction representation and using rotating wave approximation, the interaction Hamiltonian readŝ
Here Ω R t ≡ μE 0 ∕ℏe −t−T 2 ∕2τ 2 Ω R e −t−T 2 ∕2τ 2 is the Rabi frequency with the peak value Ω R . Applying Hamiltonian Eq. (1) in the Schrödinger equation yields three coupled differential equations for evolution of probability amplitudes of the states. It has to be mentioned that, since the longest pulse durations studied in this work are an order of magnitude less than 5p radiative lifetime known to be about 30 ns [18] , the impact of spontaneous emission is neglected.
In our calculations, we define units of all variables in terms of ω 31 , which is a fundamental constant of the atomic system. This allows us to generalize our calculations to any Λ system. Then, time is measured in units of ω Table 1 contains values of studied field parameters. Note that the beam intensity is calculated as hSi ℏ 2 ∕2μ 0 μ 2 cΩ 2 R , where μ is transitional dipole moment, μ 0 is the permeability of the vacuum, and c is the speed of light.
Detuned Case. Here we examine the population of state j3i at the end of the pulse having fixed E 0 , fixed Ω R , and pulse duration τ. It varies as a function of α and Δ. We analyzed the case of Δ reaching up to 200, the beam intensity corresponding to Ω R ≈ 20, and various chirps. 31 , e.g., for τ 6 and Δ 10, Fig. 3(a) shows that, starting from Ω R 3 and α −1.5, the adiabatic region of full population transfer to state j3i takes place (uniform red color). An exemplary point within the adiabatic region is Ω R 10 and α −1.5, where the population transfer is 97.3%.
Notably, moving away from the one-photon resonance within rather weak fields, e.g., Ω R 1, leads to a fast reduction of population transferred to state j3i. While a transfer of 90.1% to the desired state is achieved at α −0.3 and Δ 1.5, the high population transfer is by no means robust with respect to chirp and detuning [ Fig. 3(b) ]. In stronger fields, e.g., Ω R 20, there is a pronounced dependence of adiabatically reached quantum yield on Δ and α [ Fig. 3(c) ]. The interplay of these two parameters results in a region of adiabatic population transfer spreading with an increasingly negative values of α and increasing magnitude of Δ. For the same point we now have a robust transfer of 96.5%. For the range of parameters studied in this Letter, the pulse may be broad enough to interact with all HpF states of the electronically excited state. In the ultracold regime, high control over Δ can be exercised of the order of ω 31 , which will be sufficient to avoid interaction of the pulse with the higher HpF states. Resonant Case. The study of population dynamics when ω 0 ω 21 is of particular interest because of the information it provides on adiabatic nature of light-matter interactions [19, 20] . Our analysis is valid for any Λ system interacting with a single LC pulse, and we use the HpF splitting in Rb for quantitative purposes only. Here we looked at population of state j3i for various α and the Ω R [Figs. 4(a) and 4(b) ]. We address a longer pulse duration, τ 6, which is within a few nanoseconds. The Ω R was varied from 0 to 10 giving beam intensities up to 10 5 W∕cm 2 for Rb. As Fig. 4(a) shows, under the condition Δ 0, an area of maximum population transfer is observed for a broad range of negative α and Ω R . It takes place through adiabatic passage and does not depend on the specific value of α or Ω R . The long pulse duration allows ample time for the frequency to adiabatically sweep through both ω 21 and ω 32 and provides the mechanism for population transfer to state j3i. In contrast, when τ 1, a nonadiabatic response of the system is observed on the change of Ω R [ Fig. 4(b) ]. Studying the limiting conditions in terms of pulse duration for the transition from the nonadiabatic to adiabatic regime [ Fig. 4(c) ] shows the appearance of the adiabatic region with the increase in τ as well as Ω R when negative α is applied. For positive α [ Fig. 4(d) ], a meaningful population transfer to the final state takes place for a very short τ and rather high Ω R caused by the presence of intense frequency components in the broadband pulse whose difference is in the twophoton resonance.
In summary, we have demonstrated that using a single, nanosecond LC pulse of intensity kW∕cm 2 has the potential to achieve total population transfer to a desired quantum state within the HpF structure, which in this case is the higher HpF state of the 5s shell of Rb. We have shown that, under the condition of the central frequency of the electric field detuned below resonance from the lowest HpF level by Δ ≃ ω 31 and a pulse duration that is suitably long (e.g., τ 6), we may perform adiabatic population transfer at intensities of the order of kW∕cm 2 . The nature of the HpF structure of all alkali atoms makes this a viable experimental scheme. 
